Purpose of Review Herpesvirus latency has been viewed as a binary state where replication is either on or off. During latency, gene expression is thought to be restricted to non-coding RNAs or very few proteins so that the virus avoids detection by the immune system. However, a number of recent studies across herpesvirus families call into question the existence of a binary switch for latency and suggest that latency is far more dynamic than originally presumed. These studies are the focus of this review. Recent Findings Highly sensitive and global approaches to investigate viral gene expression in the context of latency have revealed low-level viral transcripts and in some cases protein, from each of the three kinetic gene classes during the latent alpha and beta herpesvirus infection either in vitro or in vivo. Further, low-level, asymptomatic virus shedding persists following acute infection. Together, these findings have raised questions about how silent the latent infection truly is. Summary Emerging evidence suggests that viral gene expression associated with latent states may be broader and more dynamic than originally presumed during herpesvirus latency. This is an important possibility to consider in understanding the molecular programs associated with the establishment, maintenance, and reactivation of herpesvirus latency. Here, we review these findings and detail how they contribute to the emergence of a biphasic model of reactivation.
Introduction
Long-term persistence in the host often arises from a truce whereby the virus limits its replication and pathogenesis and avoids immune clearance. Herpesviruses have evolved an exquisite ability to persist in the host through latency, where viral genomes are maintained in the absence of virus production. Essential to herpesvirus persistence is an ability to reactivate in response to changes in the host state (e.g., stress, disease). Intense focus on latency in the herpesvirus field has yielded important insights into viral and cellular determinants of latency. However, much remains to be understood about the programs of gene expression and the virus-host interactions underlying entry into, maintenance of, and exit from latency.
All herpesviruses target long-lived cellular reservoirs for the latent infection; however, each herpesvirus family establishes latency in a unique reservoir. Members of the alpha herpesvirus family, including HSV-1 and VZV, persist latently in neurons [1, 2] . Beta herpesviruses, such as CMV, establish latency in hematopoietic progenitor cells and cells committed to the myeloid lineage [3] . The gamma herpesviruses, such as EBV and KSHV, reside in lymphoid cells, and in the longlived resting B cells in the case of EBV [4, 5] . Studies in the gamma herpesvirus field have painted a complex picture of latency, with these viruses having evolved several distinct This article is part of the Topical Collection on Virology * Felicia D. Goodrum fgoodrum@email.arizona.edu transcriptional programs for establishing and maintaining latency in lymphoid cell subpopulations. With the development of more sensitive techniques and more advanced animal and in vitro models for studying alpha and beta herpesvirus latency [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , a greater understanding of the molecular details regulating the switch between lytic and latent infection are emerging and are, in turn, challenging the classical definition of herpesvirus latency.
A Classical View of Herpesvirus Latency
Early work in the herpesvirus field described latency as a quiescent infection in which the viral genome is maintained in the absence of viral lytic gene expression and detectable infectious virus (reviewed in [18] ). This classical definition of latency effectively divided viral genes into two categories (lytic vs. latent) to differentiate patterns of viral gene expression associated with replicative and latent states of HSV, VZV, and EBV infection. An inability to detect broad viral gene expression led to a model whereby latency is maintained by a binary system of gene expression, where the lytic gene expression program is either "on" (and a full replicative cycle leads to the production of progeny virions) or "off" (and an overwhelmingly silent latency is established) [19] . Indeed, it has been presumed that viral gene expression during latency is restricted to a subset of RNAs or proteins that promote the latent infection or restrict replication. Examples of these in HSV-1 include the latency-associated transcripts (LATs) that have long been thought of as the molecular hallmark of HSV latency [20, 21] , and in HCMV include viral gene products encoded in the ULb' region of the HCMV genome (e.g., the UL133-UL138 locus) [22] [23] [24] and LUNA (latency unique natural antigen) [25, 26] . The specific role(s) of these genes in the establishment of longer term maintenance of latency is not yet fully understood. Whereas some genes may function directly in the establishment and maintenance of latency, others may contribute indirectly by promoting cell survival, mediating cellular stress pathways, or otherwise tweaking the host cell to maintain an optimal environment for persistence of the virus or to modulate the progression to full reactivation. In addition, it is clear that host cell or viral miRNAs will contribute to latency by dampening viral gene expression, but also likely the host response to infection (reviewed in [27] ). This binary paradigm of herpesviral latency emerged from studies using predominantly in situ hybridization and immunohistochemistry and either viruses with defects in replication or treatment with inhibitors of replication in the case of alpha herpesviruses [28] . Further, there was no approach to globally analyze viral gene expression and, as such, primary focus was placed around a small number of "lytic genes" such as the immediate early and the emerging "latency" genes.
A More Dynamic View of Herpesvirus Latency
Expression of Productive Cycle Genes During Latency Latent infection has long been perceived as being marked by the absence of expression of productive cycle or "lytic" genes [19] , such as immediate early genes, involved in transactivating the viral program of replication (e.g., ICP0, ICP4, and ICP27 in HSV-1 and IE1 and IE2 in HCMV). As such, immediate early gene expression is often used as a proxy for the reactivation, while its absence is evidence for a latent state. However, the increase in sensitivity and breadth of gene expression analysis made possible over the last decade or so has begun to define broader patterns of gene expression associated with the latent infection [11, [29] [30] [31] [32] [33] [34] [35] .
Detection of viral gene expression once designated as "lytic" in models of HSV-1 latency have blurred the distinction between latent and lytic states of infection [34, 35] . Recent studies have expanded on these observations to begin to understand the mechanisms by which viral gene expression is controlled during latency. During latent HSV-1 infection in rabbits, expression of the LATs is associated with increased expression of lytic genes, suggesting that the LAT may function to poise cells for reactivation [36] . Further, Proenca et al. found that a large subpopulation of neurons in HSV-1-infected mice had encountered IE promoter activation at some point between the initial infection and the establishment of latency [37] , arguing against the idea that herpesviruses "select" a lytic or latent gene expression program based on cell type immediately following infection. Consistent with the possibility that broad gene expression persists during the maintenance of latency, studies by the Tscharke group found that approximately 66% of the neurons containing HSV-1 DNA from latently infected mice expressed one or more lytic transcripts [38•] and, more recently, proteins [39•] . Further, the classically defined HSV-1 immediate early lytic gene, ICP0, is not only expressed during latency [37, [40] [41] [42] but also influences the latent environment, promoting the establishment of and reactivation from latency [43, 44] by stimulating the expression of LAT and altering the chromatin state of the latent genome [45•] . Therefore, we must reconsider the roles of viral genes previously classified as lytic-or latent-acting, and by extension, the paradigm that latency is a static state devoid of broader viral gene expression.
Similar to HSV-1 latency, immediate early and some classically defined early and late genes are detected in the early stages following HCMV infection of latency-associated cells, although productive viral replication does not ensue [11, 29, 33, 46] . These findings are mirrored in clinical studies where latently infected cells from healthy carriers sporadically express IE genes, but fail to produce detectable progeny virus ex vivo [47] . Together, these findings suggest that gene expression associated with CMV latency also may be substantially more dynamic than originally presumed. One caveat to this interpretation is borne from the models available to study HCMV latency. Due to the strict species tropism for beta herpesviruses, in vivo models are restricted to the murine strain of CMV [16, 48, 49] or HCMV infection in humanized mice [15] . Further, in vitro models include hematopoietic cell lines or cultured CD14+ or CD34+ primary hematopoietic cells. Cell lines have the problem of being a limited reflection of latency, while primary cell populations are heterogeneous, consisting of a number of different subpopulations at various stages of differentiation and lineage-commitment and, as such, likely do not support a uniform latent program. The heterogeneity of primary hematopoietic cell populations leaves open the possibility that genes detected represent an average of different gene expression programs present in distinct cell subpopulations. Therefore, while some cells may maintain a true latency, other cells may support distinct gene expression profiles. These possibilities challenge a binary system for cytomegalovirus latency that warrants further investigation to understand the true nature of cytomegalovirus persistence.
Sporadic Reactivation and Shedding Latent alpha herpesvirus infection was conventionally described as long periods of quiescence marked by occasional periods of reactivation that were clinically linked to the appearance of oral or genital lesions. However, a number of studies over the last two decades have provided a more complete clinical picture, demonstrating asymptomatic shedding of both HSV-1 and HSV-2 in the absence of clinical lesions. The earliest studies of HSV-2 shedding found that infectious virus could be detected following genital swabbing at a frequency of 20 to 25% of all days tested, including days during which no clinical lesions were detected [50, 51] . Additional studies performed following the development of more sensitive PCR techniques have demonstrated that the frequency of asymptomatic shedding is even higher, with HSV-2 DNA detected during 20 of the 30 days out of each month [52] . Similar frequencies of asymptomatic shedding of HSV-1 from the oral cavity have been reported [53] . These findings are consistent with the high frequency of shedding observed in the animal models [54] and with a report by Margolis et al., in which infectious virus was detected in latently infected mouse neurons and appeared to be indicative of spontaneous reactivation events that occur frequently [55] . In addition to fueling almost continuous viral shedding, HSV-1 spread through neurons continues beyond the peak of acute infection [39•] , although it has yet to be determined if continued shedding is due to a protracted period of chronic replication in neurons or sporadic reactivation.
A similar clinical situation may exist during HCMV infection. Following a typical primary infection, children can shed CMV in saliva and urine for months to years, most often in the context of an asymptomatic infection [56, 57] . During clinical latency, low subclinical levels of virus may be chronically shed from productively infected epithelial cells in the salivary glands or kidneys, for example, or produced following sporadic reactivation of latently infected cells [57] . The extent to which the HCMV genome is quiescent or active during latency has not, as of yet, been clearly demonstrated, in part because global gene expression studies have only been performed in heterogeneous populations of cells infected in vitro. Certainly, the high number of circulating T cells in CMV-seropositive, latently infected individuals [58, 59] suggests that HCMVantigens may be expressed more sporadically and frequently than in other herpesvirus infections [60] . Taken together, these studies support the notion that alpha and beta herpesvirus latency is a dynamic state, poised for frequent spontaneous reactivation leading to asymptomatic shedding.
Epigenetic Regulation of Latent Herpesvirus Gene Expression Epigenetic switches are largely thought to control the initial transition of the viral genome into and out of latency. During the establishment of latency, herpesvirus gene expression is restricted by chromatinization of the genome and modification of histones with repressive marks (reviewed in [61] [62] [63] ). While epigenetic silencing is clearly central to the establishment or maintenance of viral latency, it is now becoming clear that the chromatin state is dynamic to allow silencing to be readily reversed [64] [65] [66] . This dynamic state of chromatin silencing likely contributes to the possibility of "leaky" gene expression during latency.
In the case of HSV-1 latency, early studies revealed that epigenetic markers associated with active transcription are enriched at the LAT locus compared to the loci of several lytic genes [67] [68] [69] , consistent with higher expression levels of the LATs during latency. Subsequent studies further suggested that the LAT plays a role in suppressing lytic gene expression, as infection of mice with a LAT-negative mutant resulted in heightened expression of lytic genes compared to wild-type infection [70] [71] [72] [73] [74] . The repression of lytic genes by the LAT was later attributed, at least in part, to the LAT's ability to alter the chromatin state of the viral genome for latency, as LAT expression was found to be positively correlated with an increase in both constitutive (non-reversible) and facultative (readily reversible) repressive heterochromatin marks on an number of lytic genes [64, 75] . Interestingly, infection with the LAT-mutant virus also resulted in decreased explant reactivation in the mouse model [70, 74] , indicating that the LAT may also play a role in modulating viral reactivation following latency. These findings are consistent with a report that LAT expression is associated with an increase rather than a decrease in lytic gene expression in the rabbit model [36] . Although there is some conflict as to whether LAT expression decreases or increases lytic gene expression, a recent study by Kwiatkowsi et al. found that the genome of LAT-mutant virus contains a significant enrichment in facultative heterochromatin compared to the wild-type virus, while constitutive heterochromatin does not vary. These findings suggest a role for the LATs in maintaining a "softer" or less restricted heterochromatic state of the latent genome [65] . In this way, the LAT may both contribute to viral genome silencing, while ensuring that the epigenetic restriction is readily reversible for reactivation.
Studies of CMV latency indicate that beta herpesviruses share many features of latency-associated chromatin regulation with HSV. As is the case with HSV, the DNA is not methylated during latent infection, rather gene expression appears to be controlled by repressive histone modifications [76, 77] . In studies of both HCMV [78] and MCMV [79] , the viral genome becomes associated with repressive histone modifications at early times post infection. Early findings indicated that the HCMV IE promoter is transcriptionally silent and is heterochromatinized, whereas the active LUNA promoter is euchromatic [80, 81] . The CMV genome has also been shown to be silenced, in part, by the polycomb repressive complex 2 (PRC2) that catalyzes the formation of facultative heterochromatin with the trimethylation of histone H3 on lysine 27 [82] . Further, as is the case with latent HSV infection, a number of studies in MCMV latently infected mice indicate that IE transcripts can be detected during latency, although full viral replication does not ensue [16, 48, [83] [84] [85] . Therefore, it follows that the CMV genome is also maintained in a dynamic state capable of low-level gene expression and poised for reactivation.
A New Model for Reactivation of HSV-1 From Latency
A large body of evidence in the HSV-1 field now exists demonstrating readily reversible or leaky epigenetic silencing of latent viral genomes, detection of "lytic" gene expression during latency, and frequent or chronic viral shedding in the absence of clinical symptoms. These findings create a puzzling scenario when considered in the context of a canonically silent latency program where viral gene expression is restricted to a small subset of latency-associated gene products. A recently proposed model describing a biphasic reactivation of HSV-1 from latency sheds some light on the matter while potentially redefining the way in which we think about herpesvirus latency. During the first phase, characterized as the "animation" phase, broad and non-sequential expression of viral transcripts from all three kinetic classes occurs [86, 87] . Early and late gene expression is observed in the absence of viral protein synthesis [86, 88, 89] , and late gene expression is not dependent on replication of the viral DNA [86] . In addition, the first phase of lytic gene expression appears to be independent of the viral tegument protein VP16, which serves as a transcriptional activator during de novo gene expression following primary infection. The second phase, or "synthesis" phase, more closely resembles the pattern of gene expression seen in de novo infection, as it is characterized by a coordinated cascade of IE, E, and L gene expression and results in the production of infectious virus [86] . It is proposed that the initial burst of lytic gene expression during phase I serves to produce quantities of key viral proteins (such as VP16) that are sufficient to cross a threshold that triggers the coordinated gene expression and virus production associated with phase II. It is conceivable that phase I is often abortive and that while it contributes to viral gene expression during latency, it may not always reach the threshold required to initiate phase II and full reactivation. This would result in a more dynamic state of gene expression during latency and would account for the expression of replicative cycle genes discussed above. This model also fits with the dynamic nature of chromatinization of the latent genome. Recent studies have shown that the first phase of reactivation occurs when the viral genome is still in its repressive chromatinized state [90•] and, presumably, also occurs in the absence of viral proteins such as VP16 [42, 86] . Together, these findings indicate that phase I of reactivation is likely initiated in response to changes in the cellular environment. Indeed, a recent study by Cliffe et al. shows that activation of the c-Jun N-terminal kinase (JNK) cellular stress response pathway triggers phase I of HSV-1 reactivation by activating cellular transcription factors and altering the chromatin state of the latent genome so that it is permissive for transcription [90•] . Interestingly, the epigenetic changes described during phase I do not include removal of the repressive histone lysine modifications, but involve a histone methyl/phospho switch whereby a neighboring serine residue is phosphorylated to provide, in essence, a shortcut that allows simultaneous phase I viral gene expression of immediate early, early, and late genes. Viral regulatory factors produced during phase I, such as VP16, which has a known role in chromatin remodeling [66] , can then remove repressive heterochromatin marks to allow for ordered IE, E, and L gene expression and the production of progeny virions during phase II of reactivation. Given the aforementioned potential for frequent, but abortive phase I reactivation, it is not yet clear if the viral gene expression detected during latency is the result of leaky gene expression during latency or if it is the result of sporadic and perhaps abortive phase I reactivation.
Conclusions and Future Directions
Clinical latency in a host organism is characterized by longterm maintenance of viral genomes and sporadic and frequent virus shedding. While a stable and static latent state may exist in some cell types, it is becoming clear that latency may have a more dynamic nature than previously appreciated. Three observations in HSV-1 underlie this conclusion: (1) the detection of "lytic" transcripts during the establishment and maintenance phases of latency, (2) the readily reversible nature of the repressed chromatin state of the latent viral genome, and (3) the frequency of spontaneous viral reactivation and chronic shedding in the host. These findings indicate that the viral chromosome is restricted, but not always entirely silent during latency. Further, rather than a distinct binary switch, reactivation may be phased where distinct mechanisms control (i) the expression of viral genes initially triggered by changes in host signaling (phase I) and (ii) the initiation of full reactivation and the canonical cascade of gene expression (phase II). Phase I reactivation may occur frequently, but abortively in response to minor insults (e.g., stress, changes in host cell signaling), and contribute to the non-productive expression of lytic genes in latent infection.
HCMV latency is similarly also associated with low-level, but broad viral gene expression [11, 29, 33, 46] , suggesting that it may non-productively express viral genes during latency and also undergo phased reactivation (Fig. 1) . Genes expressed during a period of latency may contribute to the establishment or maintenance of latency, or may be the products of abortive reactivation events. As HCMV reactivation has been linked with differentiation of an infected cell along the myeloid lineage [47, 80, [91] [92] [93] , HCMV reactivation is undoubtedly triggered in response to changes in host signaling accompanying differentiation. Similarly to HSV-1, inhibition of growth factor signaling and inhibition of PI3K results in reactivation of HCMV [94, 95] . It is then critical to understand how the virus "senses" and responds to changes in the host cell to impact the epigenetic state of the virus and the balance between latent and replicative states of HCMV infection.
Our work has identified the UL138 viral gene as important for the latent infection. UL138 is encoded within a genetic locus containing three other genes, UL133, UL135, and UL136 [24] . Disruption of UL138 results in viral replication in latencyassociated CD34+ hematopoietic progenitor cells (HPCs), which is due at least in part to replication-promoting activities of UL135 and UL136 [22-24, 30, 96] . We have shown that UL138 actively promotes the maintenance of surface levels of epidermal growth factor receptor (EGFR) to maintain its activity [94] . Reduction of EGFR or downstream PI3K activity by chemical inhibition results in increased frequencies of reactivation when coupled to a stimulus for myeloid differentiation. Intriguingly, UL135, which is required for reactivation, targets EGFR for turnover. This regulation may profoundly affect cellular stress, differentiation, and survival pathways controlled by EGFR. The opposing regulation of EGFR by UL135 and UL138 may alter the cellular state and, in turn, impact programs of viral gene expression contributing to virus-mediated control of latency and reactivation. Consistent with this notion, UL138 has also been shown to impede demethylation of histones associated with the viral genome required for expression of IE genes [97] , suggesting that UL138 regulates signaling cascades which will ultimately impact the chromatin state of the viral genome. Therefore, control over a homeostatic regulator like EGFR may effectively allow the virus to hardwire itself into the host cell to sense and respond to changes in the state of the cell.
While significant progress in understanding the mechanisms controlling herpesvirus latency and reactivation has been made over the past two decades, contemporary studies aimed at defining the complex mechanisms underlying herpesvirus latency and reactivation have produced as many new questions as answers and have challenged existing paradigms. The possibility of broader gene expression during the latent program increases the complexity of the biology of latency and opens up a number of new opportunities and challenges. Defining the nature of the dynamic latent state and the roles of genes expressed will reveal important and novel virus-host interactions important to latency and will advance our molecular understanding of latency in the host. One challenge will be to differentiate meaningful gene expression important for establishing and maintaining or exiting latency from sporadic leaky gene expression that neither aids latency nor results in full Fig. 1 A dynamic view of HCMV latency-a hypothetical model. Latency has been classically defined as a predominantly silent program where viral gene expression is restricted to very few proteins (e.g., UL138 and LUNA) or non-coding RNAs (both long non-coding and micro RNAs) (left). However, studies over the last decade have detected the expression of additional replicative cycle genes in the context of latency. Based on the studies in HSV-1, where the biphasic viral reactivation program is thought to result in frequent, but abortive viral gene expression, we propose a similar multiphasic reactivation where IE, E, and L genes would be expressed sporadically during the latent infection (center). While a static latent state may exist in some contexts, emerging evidence supports a dynamic latent state characterized by lowlevel, non-canonical viral gene expression that occurs in the absence of virus progeny production. Commitment to full reactivation and a switch to the canonical cascade of IE, E, then L gene expression, resulting in the production of viral progeny (right) would require viral gene expression crossing a threshold and possibly other stimuli to induce additional changes in host signaling, chromatin modification and differentiation reactivation. Given the heterogenous nature of cells supporting HCMV latency, it will be a further challenge to distinguish meaningful viral gene expression during latency from the possible contamination of cell productively replicating virus. It will also be important to differentiate the distinct programs of gene expression important to latency, a challenge that requires in depth single cell analysis.
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